Abstract-The development of a novel hybrid autonomous vehicle, Aqua-Quad, is presented, which combines a multi-rotor vertical take off and landing aircraft with environmentally hardened electronics, exchangeable sensor suite and a solar recharge system in order to provide long endurance sensing in aquatic environments in support of a variety of missions. The vehicle is envisioned to perform sensing below the thermocline while silently riding on ocean currents, and flying in the air when required for rapid relocation or local communication (12-20 miles) with similar cooperative nodes. The vehicle instrumentation combines (i) INS/GPS and aircraft control, data processing, and command and control (C2) capabilities of a VTOL aircraft, (ii) sensing and signal processing capabilities of an underwater robot with a vector sensor suspended below the thermocline, and (iii) solar energy harvesting for energy-independent operation. The AquaQuad is most effective when multiple cooperative vehicles are deployed in an operational area with heterogeneous sensors. It is envisioned that the extended endurance and quiet operation of the multi-modal sensing vehicles, capable of on-demand communication, higher mobility, and cooperative reaction to potential threats could provide higher operational efficiency of the system in undersurface surveillance and reconnaissance operations than currently employed systems (e.g., Sonobuoy, Wave Glider, etc.).
I. INTRODUCTION
There are a multitude of tasks, in all branches of the armed forces as well as the scientific community and private sectors that require persistent, wide-area sensing in virtually all environments, air, sea and land. On the ocean surface, buoys and disposable floaters are frequently used, but are subject to ocean currents, providing mobility, but not necessarily mobility in the desired direction. They typically provide limited sensing at or near the surface, and are usually limited to low-bandwidth satellite communications or data storage until they are retrieved. Underwater there are a few solutions. For example, sea gliders [1] provide long endurance and at least some mobility beyond ocean currents. However they are limited to undersea and surface sensing, and are typically out of communications most of the time, again limited to lowbandwidth communications when they are on the surface.
Wide area, long endurance coverage in the air is also challenging. One ongoing study, Tactical Long Endurance Unmanned Aerial System (TaLEUAS -pronounced talus) [2] , proposes to utilize a flock of networked aircraft that use a combination of natural, convective lift in the environment and photovoltaic (PV) cells coupled to high-energy density rechargeable batteries to provide 24/7 aerial coverage. While this concept is promising for aerial missions, ISR, communications-relay, etc, it is not of much use for sensing at the ocean surface, underwater, or ground sensing where severe proximity limitations exist, such as looking for mines buried in the beach. None of these schemes are able to cover all environments, air/sea/ground, and each includes constraints for communications, mobility and/or survivability in harsh weather. The proposed concept, Aqua-Quad [3] , [4] (see Fig.1 ), is a true hybrid platform, capable of use in all these environments, with both air and surface mobility, 24/7 sensing and high bandwidth communications. In this paper, a summary of the development of the prototype platform is given, with initial flight data and performance projections. The variety of potential mission sets where such a vehicle, or flock of vehicles, would be useful is extensive, and is presented in more detail in a companion paper at this conference [5] .
A flock of vehicles might be outfitted with deployable, passive acoustic sensors, and dispersed in a grid over the sea surface to search for undersea objects of interest. The first vehicle that picks up a signal and collects a sufficiently rich sample might pop-up in the air high enough to form a network with nearby vehicles in order to perform real-time triangulation or time-delay-on-arrival (TDOA) calculations on the target and to relay the information to nearby manned or unmanned surface or airborne assets. Vehicles in the flock could take turns flying and sensing to overcome the flight-endurance limitation, and the use of mesh networking technology would make this exchange transparent to the world. During times of flight, they may relocate using a leap-frog approach to follow a moving target, or while floating the flock would measure the strength and direction of the current, and may then take advantage of the current for energy-efficient travel during repositioning.
With a metal detecting payload the same flock might be used to search shallow-water and beach areas for mines, potentially sacrificing themselves to detonate detected munitions. At sea they might be used to track ocean currents for oceanographic or meteorological studies [6] , or to track boundaries of chemical spills [7] - [9] , and would retain the ability to pop-up to acquire imagery or other data at elevations above the sea surface. Another operationally relevant application might be to aid in geo-positioning of underwater autonomous vehicles or assisting divers by creating a pseudo-GPS acoustic network [10] . Here members of the flock would acoustically transmit their own GPS fix along with a time stamp. The underwater users would collect this data from multiple members of the flock, and then perform a TDOA calculation to estimate their own position. There may also be non-passive missions; for example the flock might be used for deception [11] , using an array of members with synchronized acoustic transmissions, mimicking predefined target signatures.
On the civilian side, fish and aquatic mammals [12] , [13] are frequently fitted with GPS beacons so that marine biologists can track them when they surface, but they cannot be tracked this way underwater. Complementing the GPS beacon with an acoustic beacon would enable the flock of Aqua-Quads to track the animals underwater as well.
In the remainder of this paper details are provided on the development process to include design considerations and constraints, tools for estimating performance during the initial concept design phase, complimented by actual experimental data as the project evolved. It concludes with a look at the path ahead for outdoor testing, flights off water, sensor integration, and integration of cooperative behaviors. The initial work [4] and companion paper provide additional insight into the software and algorithm developments to support missionlevel goals, cooperation between multiple agents, energyoptimal path-planning, sensor fusion for target identification and tracking [5] .
II. CONCEPT DESIGN AND MODELING
As previously mentioned, the proposed platform is a fusion between a buoy for underwater sensing and an autonomous multi-rotor aerial vehicle; hardened sufficiently to survive in the marine environment for extend periods, and equipped with solar panels to recharge batteries during the daytime. The development of any robotic platform is an exercise in compromise, and for hybrid vehicles, compromise can often drive the design to a point where it is no longer of practical value. In early concept development discussions it was common for new desired features to enter the mix, but following sometimes heated debate on the potential risks and benefits, most of these ideas had to be rejected. The leading argument for rejection was the requirement to survive in the marine environment, followed closely by the requirement to fly for a reasonable period each day. The ocean is devastating to machinery, therefore minimizing the number of moving parts exposed to the water was deemed critical, as the fouling of machinery would most likely be the limiting factor on vehicle lifespan. The requirement to fly is driven by the need for mobility separate from drifting. As will be discussed later in this section, flight-time per day will be limited by available energy as well as the efficiency of the platform as an aircraft. Efficiency is directly coupled to weight for anything that flies; therefore, weight had to be managed well, and this ultimately excluded many "nice-to-have" features. A discussion of the objectives and how they were met, as well as some initial, simplistic modeling are included in the remainder of this section.
A. Objectives and Design Considerations
The primary objectives were to develop a platform that could perform sensing at depths below the thermocline, that was able to fly for a reasonable period each day, and that could remain operational, unattended, for extended periods, on the order of weeks or possibly months. It is not difficult to see that these are all coupled in the design space. The need to survive in the marine environment for a length of time pushes the design toward minimal moving parts exposed to the water. The need to sense at depth requires the use of a tethered sensor that can hang far below the floating platform. The requirement to operate for extended periods requires extreme energy efficiency; however, flight is typically not efficient, so it is not reasonable to assume that expendable fuel or singleuse-batteries could meet this requirement. The alternative is to absorb energy from the environment. The Wave Glider does this through extracting mechanical energy from wave motion, but this is not a technology that easily adapts itself for flight. Therefore, solar energy (also utilized on the Wave Glider) becomes the most practical source, but it is typically not a lot of energy, so this will constrain flight-time. Fixed-wing aircraft are generally far more efficient than VTOL aircraft due to the L/D advantage of a wing, where L is lift, and D is drag. Unfortunately, the requirement to operate autonomously at sea makes fixed-wing aircraft impractical in all but the calmest seas. Further, the tethered sensor would need to be retracted to enable a fixed-wing aircraft to take off and land, but on a VTOL aircraft the tethered sensor could remain deployed for the life of the platform, being a slung-load under the aircraft in flight. Flight speeds are expected to be low enough that this would not be an unbearable burden.
The ability of multi-rotors to take-off and land in swell and operate with a deployed sensor won out over fixed-wing vehicles, but the compromises included limited flight time and lower cruise speed. Multi-rotors are typically quite reliable, being about as close to a solid-state helicopter as possible. The only mechanical wear parts are the motor bearing, and they are typically rated for more time between servicing than the total expected flight-time of the platforms -assuming that exposure to seawater can be controlled (more on this later). The only moving parts are the propellers. Typically multi-rotors have an even number of rotors, usually 4, 6 or 8 -occasionally more. While the mean time between failure for brushless motors and the electronic speed controls (ESCs) is typically quite large, a quad-rotor can not remain in controlled flight if a motor is lost, but a hex or octo-copter can as long as the copter is not near maximum weight. The ability to land gracefully if a motor is lost turns out not to be a big selling point for an unattended platform, since it will never be able to return to flight without being serviced.
The present authors had previous experience with a solar powered aircraft, TaLEUAS, where a small array of SunPower C60 cells [14] were used to power avionics and payloads for an autonomous glider that sought out and rode thermals in order to minimize the propulsion energy requirement. Due to knowledge and affordable sourcing of the SunPower cells, they were adopted for the prototype Aqua-Quad. The cells were approximately 125 mm square. Cut from a 160 mm diameter wafer; they had small corner areas missing from the square, reducing coverage efficiency losses. The large square form factor of the cells suggested the use of a quadrotor over a higher propeller count, purely based on efficient distribution of array area in a minimal diameter, leaving clear space for the rotor disks. By stretching the rotors away from each other by 140 mm or so, an X-arrangement of cells was possible. For future extensions of this project, smaller cells might be considered, as they would allow for more efficient area coverage, and more flexibility in rotor count.
Energy storage is always a critical consideration for electric aircraft. Cell specific energy is normally the primary driver, in particular for solar powered aircraft that are intended to fly through the night. Unfortunately, VTOL aircraft are power hungry, and the requirement for power-density generally precludes the use of battery technologies with the highest specific energy, as they typically have low power densities. Some of the COTS 18650 Li-Ion cells have specific energies up around 250 Wh/kg [15], but they generally only achieve this at a low discharge rate. They are usually designed for products like laptops and electric cars, where a normal drain-rate is something like a 5 h discharge time (referred to as 0.2C). As the drain-rate increases, the real specific energy of these cells falls due to voltage drop resulting from their relatively high internal resistance. If they are drained too quickly, this becomes a serious liability, as the internal resistance will lead to internal heat generation, and in extreme cases the cell can experience thermal runaway and ignition. Multi-copters rarely exceed about a 30 min flight time, as the battery massfraction becomes overwhelming; therefore, a cell that operates well at 3C or higher loads had to be considered. This ruled out currently available 18650 cells, and led the team back to prismatic Lithium-Polymer (LiPo) cells. This type of cell is prolific in the model aircraft market, with drain-rates as high as 80C available. LiPo cells also suffer from the inverse relationship between specific energy and power density, but readily available cells produce specific energies of about 195 Wh/kg at drain rates of 3C or more, and are capable of drain rates up to 15C or more without incurring damage.
B. Modeling
Long term goals will likely change, but for the prototype the team wanted to keep the platform as small as was practical. There are a number of non-scaling entities; for example, the autopilot, communication equipment, payload components, etc. The prototype needed to be large enough so that the mass fraction of these elements was not too significant. A simple modeling tool was constructed in spread-sheet form that included momentum theory [16] along with a number of empirical coefficients to allow for total weight and flighttime estimates based on parameters like rotor count and diameter, avionics and payload weight and power consumption. Empirical coefficients included simple scaling parameters like the structural weight as a function of motor weight, motor thrust as a function of motor weight, etc.
Momentum theory is the least conservative estimate of VTOL performance. It only considers the momentum lost in the wake; therefore, considering every other component to be perfect. For hovering flight it yields Eq. 1:
where P is the power, T is the thrust (weight), ρ is the air density, and A is the area swept out by the propellers (disk area). In practice, nothing can get close to this limit. Historical measurements of small, hobby-class multi-rotor vehicles have shown them to operate at around 30 to 40 percent of momentum theory, with larger copters getting up around 40 to 50 percent. As a point of reference (shown in a later section), real helicopters tend to operate at around 50 percent. Efficiency is defined here as the percentage of momentum theory that is achieved, and in the spread-sheet modelling tool, it is a userdefined parameter. Typical results are shown in Fig. 2 .
The three vertical lines indicate the Ideal Hovering Mass, Max Safe Mass and Max Hovering Mass. For most multicopters the ideal hovering mass falls in the range from about 20 percent for small racing copters up to perhaps 70 percent for large, heavy copters primarily intended for hovering flight. Here a value of about 57 percent was assumed. The max hovering mass is the point at which the motors are saturated, and the copter is no longer flyable, and the max safe mass is assumed to be 80 percent of the maximum thrust, allowing for some motor overhead for maneuvering. Vehicle mass increases along the horizontal-axis, and the estimated endurance, Figure of Merit (FOM) and power required, are plotted as the battery mass is increased. The solid lines represent data including solar input, and the dashed lines without. The FOM is defined here as the grams lifted per Watt of power. Empty weight of the model is the point (off the left side of the plot) where the grey lines intersect the x-axis, roughly 2.25 kg. With enough battery to meet the Ideal Hovering Mass the vehicle should be able to fly for about 24 minutes on a charge with solar, or 21 minutes without, and if the battery mass is increased to the safe limit, roughly 32 minutes with solar or 30 minutes without.
With the increased payload and structural mass for the Aqua-Quad, compared to typical multi-rotors, the calculator predicts that the model will reach maximum mass before reaching a peak in maximum endurance. With lighter copters, this is usually not the case, and the calculator will show a diminishing endurance due to loss of efficiency at the higher disk loadings. The FOM at the ideal hovering mass is roughly 9.7 g/W with solar, or 8.4 g/W without, which are reasonable numbers for the proposed size of the copter. Higher numbers will improve endurance, but they generally only come about from lighter disk loadings. If the disk loading gets too light, the vehicle will become less agile, and will have more difficulty operating in turbulent air. Values between about 7 and 10 are typically acceptable.
The fidelity of the model at this stage is not great, but as components are selected, the empirical coefficients can be adjusted to improve the model accuracy. For this data a rotor diameter of 356 mm (14 in) was assumed, along with a base power requirement of 10 W for avionics and payload, and a 50 W influx from solar. A quick sketch in CAD suggested a quadrotor layout allowing for twenty SunPower cells, as shown in Fig. 3 . SunPower E60 cells with an efficiency of approximately 24 percent were available suggesting a peak power intake of about 70 W, thus the 50 W estimate seems reasonable for lessthan-perfect conditions. For reference, the SunPower C60 and E60 cells are typically not the cells used on rooftops. They have about a 20 to 25 percent higher efficiency, roughly at the top of the game for single crystalline Si cells [17] . There are certainly other cell technologies that can beat the E60s, but the cost of those cells is generally much higher. Of course higher efficiency cells would recharge the batteries more quickly, and provide a larger energy budget to allow for more flight time. For certain missions, the increase in flight performance may warrant the use of the more expensive cells.
The total flight time in a 24 hour period can be estimated by using historical solar irradiance data available on the National Renewable Energy Laboratory (NREL) website [18] . Flight operations for our team are usually conducted at Camp Roberts in central California. NREL provides archival data in the nearby city of Paso Robles, as shown in Fig. 4 , with data for a full year shown in the upper plot, for the month of June in the center plot, and with all the days of June collapsed to a single, statistically-averaged day in the lower plot. Irradiance is shown on the vertical axes in W/m 2 , and integrating over time for the 24 hour period provides an estimate of the energy density (shaded area in the lower plot), with an estimated value of roughly 8200 Wh/m 2 . Multiplying this by the array area and the cell efficiency yields an estimate of the total energy available on an average day in June in Paso Robles, roughly 590 Wh. This energy will be consumed by avionics and payloads as well as flight. Assuming an average avionics/payload power requirement over the 24 hour period of 5 W, this consumes 120 Wh, leaving 470 Wh for flight. Using the power estimate from Fig. 2 of about 350 W at the Ideal Hovering Mass, this suggests a total flight time in a 24 hour period of about 80 minutes. If flight speeds are on the order of 20 knots, then flight range per day is about 27 nm, resulting in a flight speed averaged over the 24 hour period of just over a knot, a value comparable to the Wave Glider in light sea states [19] . This estimate provides strong evidence of the need for intelligent hybrid mobility algorithms that optimize drift and flight segments.
Battery sizing can be driven by several factors. For example, it might be set to achieve the ideal hover mass, a maximum useful flyable mass, or to maximize solar absorption in a 24 hour period. In the end, it was set to the minimum size thought necessary to keep the avionics and payload components powered through the night. Assuming roughly 10 W for a 12 h period, and leaving about 20 percent of the rated capacity in reserve for battery health, suggests a minimum battery capacity of about 150 Wh. The LiPo cells of interest are quantized, only available in a 2 Ah capacity (7.4 Wh). Two packs were desired for redundancy, and the packs would be either 3S or 4S, resulting in a best possible fit of 178 Wh (either 3S 8 Ah or 4S 6 Ah). While the raw cells have a specific energy of about 195 Wh/kg, assembled together with protective/balance circuitry installed, the effective specific energy falls to about 175 Wh/kg. This suggested a battery mass of roughly 1 kg.
The choice to base battery size on minimal night time requirements added some constraints to the operations. Nighttime flight would be severely limited. The aircraft would need to land with enough reserves to keep the systems alive for the rest of the night, or potentially allow for system shutdown until the Sun came up the next morning. Also, the length of each flight leg would be limited. While the copter could fly for about 80 minutes in a day, a single flight leg would be limited by the available 178 Wh. For the estimated 350 W power required for flight, each leg would be no more than about 24 minutes, and with the estimated flight speed, this resulted in a range of about 8 nm per hop. A recycle time of about 3.5 hours between the hops would be required to top off the batteries. Both of these calculations assumed a 50 W solar power input as well as a 10 W avionics and payload power load.
All of these calculations were based on general principles, and for the most part were not specific to actual components. In the next section, a summary of the more specific component selection and prototype design will be given with individual experimental component performance results where possible.
III. PROTOTYPE DESIGN
In the previous sections, basic size and weight figures were derived through simple modeling techniques and some mission priorities. In this section those characteristics are refined into flyable and floatable prototypes. This is split into subsections for the propulsion system, energy management system, some basic details about the full Computer Aided Design (CAD) modeling, and the path from CAD to assembly using rapid fabrication techniques.
A. Propulsion System
The design modeling summarized above lead the team to a quad-rotor layout with 356 to 381 mm (14 or 15 in) propellers; both sizes fit suitably in the layout shown in Fig. 3 . Several suitable motors were evaluated using a motor test stand, which captured voltage, current, thrust, RPM, and motor and ESC temperatures. Motors considered were the T-Motor 3510-13 700 kv [20] , and a newer T-Motor model, the U3 [21] , with essentially the same core, but an improved case and bearings, as well as the KDE 3510XF 475 kv and 715 kv motors [22] , [23] . Advertised performance varied significantly, but the motors also had significantly different weights. The higher kv models would need to run on a 3S battery and preferably the smaller propeller, but the 475 kv motor, with the highest advertised FOM, would need to run on a 4S battery, and could easily handle the larger propeller.
In order to evaluate the motors on a level playing field, measured thrust from the motor test stand was adjusted to remove the weight of the motor, propeller and ESC for the purposes of computing the FOM. The logic was that thrust required to lift the weight of the motor-system was overhead, and only the thrust above that was of practical value. Motor tests for the two T-motor models were identical, so only the U3 performance is included here. In Fig. 5 a measure of the propeller performance is shown with thrust versus RPM, with comparisons to advertised performance from the motor companies (symbols). The data is for the T-Motor 15x5 propeller, and as expected, the data for the motors running at different voltages collapse to a single line. Of interest are the somewhat elevated performance values provided by the companies. The data provided by T-Motor was actually a quite good fit; less so for the KDE data.
In Fig. 6 a comparison of the raw and adjusted FOM as a function of thrust is shown for the three motors, and with both the small and large propeller on the 475 kv motor. The dotted lines are for the raw FOM measurements and the dot-dashed lines are for the adjusted FOM calculations. The error bars unfortunately get quite large for these calculations, as the FOM is a derived term comprising inputs from several measured quantities, each with a measured uncertainty. While the KDE motors look better than the U3 in the unadjusted FOM curves, when their added weight is considered, the difference is subtle or non-existent. However, the 475kv motor with the larger propeller (15x5) should perform better due to the larger disk area, and for thrust levels high enough for flight, it appears to be the winner. Also note that if the total vehicle mass is 3.2 kg, each motor will need to support about 800 g, and this is roughly at the peak value of the adjusted FOM.
Looking at the KDE3510-475/15x5 motor/propeller combination in a little more detail in Fig. 7 , the measurements for several voltages are compared with the manufacturer's advertised data. Measurements for the different voltage levels are in good agreement, but well below the advertised performance. Discussions with the company suggested that variations in samples, for the both the motor and propeller, might be the cause of the discrepancy. Whatever the reason, this is clear evidence of the value of local experimental testing during the early design stages. 
B. Energy Management
The Aqua-Quad falls into a class of vehicles that the development team has coined Energy-Independent, meaning that their entire energy budget must be met by energy they harvest from their surroundings. In this case, the only source is solar energy through an array of monocrystalline Silicon photovoltaic (PV) cells. An energy flow chart with approximate component efficiencies is shown in Fig. 8 . Here the MPPT is a Maximum Power Point Tracker with an embedded charge controller, and the BMS is a Battery Management System, a circuit that monitors pack and cell health, balances the cells, and attempts to prevent under/over-voltage and thermal runaway events. Some of the efficiencies are actual measured values, and others are based on data from the manufacturer or other sources, but the system estimates provide rough numbers to work from. In order to operate safely and effectively, the system needs to be aware of its energy state, in particular to make sure that sufficient energy is stored to keep the system alive through the night, and to estimate flight endurance at any time. To provide the necessary data to the system, a printed circuit board (PCB) was fabricated that allows the payload computer to sample bus voltage and current flow at key points in the circuit, as shown in Fig. 9 . The currents I 1 , I 4 and I 5 are all one-directional current measurements, but I 2 and I 3 are bi-directional, to sense the flow of energy in and out of the batteries. The BMS circuits have thermistors that monitor pack temperatures, but that information is not shared. Future versions of the PCB will likely add thermistor feedback to the payload computer as part of the health monitoring system. Similarly, when the PCB was designed, a single current sensor for all ESC/motors seemed appropriate, but recent advances in the quad-rotor racing community have resulted in very compact ESC options with built-in temperature and current sensors, and these may be adopted in the future.
Several MPPTs were evaluated for the project. Initially a GenaSun voltage boost model was tested [24] . It was an offthe-shelf model, but with a custom voltage output tuned for a 4S LiPo battery. It performed well, but, even stripped down to a minimal system, it was large (12 × 5.5 × 2.5 cm) and heavy (97 g). It included a large inductor and several large electrolytic capacitors as part of the output filtering circuit. In early testing of the MPPT, an unfortunate side effect of the large inductor was discovered. The proximity of the MPPT to the GPS/compass module caused a loss of compass data whenever the Sun was shining brightly. The compact aircraft chassis did not provide options to move the large MPPT further from the compass.
Another solution was discovered by a Naval Postgraduate School (NPS) student [25] in the way of a product evaluation board for an MPPT chip from STMicroelectronics, the SPV1020 [26] . The particular evaluation board shipped with three complete MPPT circuits wired in either parallel or series on a single PCB. It was discovered that the board could be cut into thirds to yield three separate MPPTs, making for a very compact and light solution (7.5×3×1.1 cm and 25 g). The two MPPTs are shown in Fig. 10 for reference. The STM board had four much smaller inductors and only used compact ceramic capacitors, and with some effort, the output voltage could be tuned to the required peak voltage of the 4S LiPo batteries by swapping four small (0603) surface mount resistors. The smaller inductors did not conflict with the compass, and the size of the board allowed it to be moved around in the chassis as needed. The evaluation board has been discontinued, but STM released the PCB layout, so potentially the circuit could be built into the PCB in future models. While the 73 g weight difference might seem insignificant to those unfamiliar with the design of flying machines, according to the spread-sheet model introduced earlier, the added 73 g results in a loss of about 90 seconds of endurance.
The complete charge circuit was tested on a slightly hazy, but mostly clear Monterey summer day. A pair of batteries were attached to the system with an initial at-rest voltage of about 14.7 (they were drained to 14.4 V with a 4 A load prior to being connected) and charged roughly to full. Shown in Fig. 11 , the system voltage along with Watt hours stored are shown as functions of time. Power-in ran between about 50 to 60 W. As the battery reached the peak voltage of 16.8, the MPPT automatically tapered off power absorbed from the array, seen as the reduced slope in absorbed energy and the rapid drop in measured current and power. Scattered clouds during the first 20 minutes reduced the power intake, although the MPPT was quick to adapt to changing conditions. The batteries were essentially full after about 145 minutes. The autopilot and telemetry radio were running during the experiment, allowing for voltage as well as GPS and compass data to be monitored in the ground control station (GCS) during the experiment. This created a several Watt load throughout. In the 145 minutes, approximately 125 Wh were absorbed from the Sun. Using a pair of EagleTree eLogger V4s [27] , one upstream and one downstream of the MPPT, estimates of the MPPT efficiency were in-line with manufacturer specifications, about 98 percent.
C. Full CAD Model
With the desktop fabrication techniques available today, the utility of CAD software for project design has taken on new meaning. Certainly CAD has been useful for efficient component design, verification of system assembly, and estimates of weight, center of gravity and center of buoyancy; but with the ability to perform 3D printing and desktop machining of parts, the time to go from idea to working model has become a matter of hours instead of days, weeks or months. Knowledge of the materials and any inherent limitations or weaknesses in the fabrication methods is certainly needed, but the cost and time-line for prototype development has likely been reduced by an order or more. The full CAD design of the prototype is shown in Fig. 12 from the top, and in Fig. 13 from the bottom. The CAD model was fairly complete, just missing some minor wiring and electrical connections that are difficult to render in CAD. The total weight estimated in CAD was 2850 g, and the weight of the prototype was 2950 g -a 100 g error due to the un-modeled components. This was with the U3 motors and smaller propellers. The KDE motors and larger propellers will add an additional 125 g. This put the model a little under the ideal hovering mass, but did not include the payload. The payload is still under development, but is expected to be between 300 and 500 g. This leaves the model near the ideal hovering mass, and well below the max safe mass.
D. Model Fabrication
The prototype uses a mix of 3D printed, CNC machined, vacuum-formed, and stock or modified commercial off the shelf (COTS) parts. All printed parts are produced on a largevolume Fortus 400mc printer, and use their Polycarbonate (PC) print material. The PC parts are quite strong, remarkably isotropic for fused deposition modeling (FDM), and can be tapped and threaded reliably, even for small bolts. Printed parts do have several weaknesses. They typically need relatively thick walls for strength, they often are permeable to water, and the cost of the material is quite high. On the other hand, the complexity of the parts that can be made is nearly unbounded. However, for parts where much greater strength to weight is required, generally carbon fiber (CF) products are used, either prefabricated tubes or sheets. The sheets are typically CNC milled on a low-cost desktop machine. For essentially non-structural parts with complicated shapes that need to be impermeable to water, vacuum-formed PC or PET-G is useful. The molds for the vacuum-formed parts are generally 3D printed parts. Several parts from the frame core, typical of these fabrication techniques are shown in Fig. 14. In the prototype the structural support for the solar array is fairly minimal; CNC cut from a CF-foam sandwich plate. The material is quite light, fairly stiff and safe in water. However, it will likely get replaced with a manufactured foam-core composite part in the future. The PV cells are marketed as rigid cells. In practice, they can handle some deflection, such as conforming them to the surface of a wing. If they are bent too frequently or too much, they may crack. Interestingly, due to the design of the cells, they often still function well even after being cracked, but if they develop an internal short, then the entire array is dead, and the Aqua-Quad will lose the ability to energize itself. The hope is that a molded composite part could have stiffness tailored as needed. It might also provide a cleaner airflow for hovering and high speed flight, and, lastly, it may allow for better control over the distribution of buoyancy. This aspect will be discussed in more detail in a later section.
E. Avionics and Payload
The remaining components to make the prototype flyable include the autopilot, ESCs, communication equipment, and payload computer. Presently the open-source Pixhawk autopilot is used, along with peripheral components: a 3DR GPS/compass module (Ublox Neo-7) which receives signals from both the GPS and GLONASS constellations, the 3DR telemetry radio (for prototyping only, for short-range communications to GCS) and a Spektrum-compatible satellite receiver (prototype only -for manual flight). The prototype uses Talon35 ESCs from Castle Creations (may switch to open-source BLHeliSuite ESCs in the future), an Odroid U3 single board computer (now discontinued -will be replaced in future versions), and a generic USB WiFi radio. In the future an Iridium modem will be added for global reach and low-bandwidth communications between multiple agents while they are floating. Antennas are challenging on the copter. Any antennas that stick above the solar array will cast shadows on part of the array, and since all cells are part of the same array, partial shadowing on one cell is equivalent to partial shadowing on all cells. Iridium satisfies the antenna requirement, using very small, puck antennas that have a similar form factor to conventional GPS antennas.
Antennas for WiFi are a challenge still to be met. When the copters are floating, the antennas will need to be above water, but when the copters are airborne, the antennas would work better below the aircraft where they have a clean line of sight to other agents floating on the sea surface. Several options have been considered, for example, a minimal dipole antenna might be mounted out on one of the propeller rings, as far from the arrays as possible to minimize the risks of array shadowing and antenna masking. If the required data throughput can be well controlled, it is possible that the aircraft could function on just Iridium, but this will require significant data reduction on the copter itself.
One last interesting option would be the use of Broadband Global Area Network (BGAN). Typically these radios require high gain antennas with a tracking solution, which would not be possible on a platform this size; however, researchers at the Georgia Tech Research Institute (GTRI) have recently developed very compact, flat, agile aperture antenna solutions that might make this possible on Aqua-Quad [28] , although would require giving up some solar array space for antenna space. The developmental cost of this technology is not small, but once designed, the manufacturing costs are reasonable.
IV. PRELIMINARY EXPERIMENTAL TESTING
Initial experimental testing has been performed on several prototype models. A flyable prototype, complete except for the PV cells and the bottom of the water-tight enclosure, having legs instead, has been flown in the indoor high bay of the Center for Autonomous Vehicle Research (CAVR) at the NPS. Flight tests have allowed for the tuning of autopilot gains, and basic performance measurements of the complete vehicle. There is also a non-flying water-tight prototype that has allowed for outdoor, at-sea flotation evaluations. A third prototype is underway that will utilize the KDE motors, larger propellers and the PV array. The current prototype will have its water-tight compartment completed, and will begin flights off of the water. 
A. Indoor Flight Tests
Measured performance of the flying prototype is shown in Fig. 15 , with the Figure of Merit plotted against the disk loading, where the disk loading is the vehicle weight divided by the area swept out by the rotors. A log-plot is used for the disk-loading so that the performance of a few full size helicopters can be included for comparison. As before, the solid lines are based on momentum theory, with the black line representing the expected performance if the copter was 100 percent efficient. The green orange and red lines represent 50, 40 and 30 percent efficiencies, respectively. The two full size helicopters operate at just above 50 percent. The COTS 550 data points are performance from a 550 mm class hex-copter, where the variation in disk loading is obtained by adding lead weights to the model between short hover tests.
The Aqua-Quad prototype is much larger, and benefits from improved motor and propeller performance that comes from scale. The data point at the left is for a stripped model, missing the solar array support structure, the MPPT, all payload components, and using an undersized battery pack. As with the data for the 550-hex model, lead weight was progressively added to achieve higher disk loadings. The data point to the right is for a total weight of 3040 g, and required 340 W to hover. Also note that this data is for the U3 motor and the smaller propellers. This is a total weight that is slightly higher than the total weight for the complete prototype with this motor set. There is a single data point for the prototype with the solar array support structure attached. The interest here was to see if the addition of the structure adversely affected the hovering performance, and it does not appear to.
B. Open Water Flotation Tests
Routine flotation tests are performed in a small tank located in the CAVR to check for leaks and basic flotation. For a more real-world evaluation, a student-run experiment took the non-flying water-tight prototype out onto Monterey Bay to evaluate flotation in swell [29] . An Acousonde [30] sensor was attached to the bottom of the Aqua-Quad by a nylon cord tether. While the Acousonde is not the intended sensor going forward, it provided a suitable anchor-like influence on the flotation. The model included the PV array support structure, but not the PV cells, and was loaded with ballast to bring it up to the expected flying weight. The deployment from a NPS RHIB is shown in Fig. 16 , and at rest in placid waters (≈1.25 m swell) in Fig. 17 . In case things didn't turn out as expected, the Aqua-Quad was tied-off to a buoy with about 20 m of cord. Of particular interest was the stability. If the Aqua-Quad did not stay level with the water surface through swell, parts of the solar array would be underwater routinely in significant swell, and this would impede its ability to recharge. Careful distribution of buoyancy under the array provided the necessary stability. After a short run in calm seas, the AquaQuad was retrieved and then redeployed further out in the bay where it experienced swell over 4 m, but with light winds and no breaking waves, still behaving well.
V. CONCLUSIONS AND FUTURE WORK
This paper presented something of a progress report on the development of the novel, hybrid Aqua-Quad platform, with a brief summary of the goals, and the decision process that led to the current configuration. Simple modeling tools were developed to aid in estimation of power required for flight, endurance, and total flight-time in a day, and experimental testing of individual propulsion components helped guide the selection of materials for the prototypes. Several prototype models were produced, taking full advantage of modern rapid fabrication techniques for quick CAD-to-part turn-around. A flyable, non-water-tight model has demonstrated flight performance close to or slightly better than the model predictions. Electrical system tests have demonstrated solar recharging of the protected battery pair, providing solar performance in line with manufacturer specifications and statistical irradiance data from the National Renewable Energy Laboratory.
Ongoing efforts includes further hardening of the system for marine environment, following the efforts of researchers on the Corrosion Resistant Aerial Covert Unmanned Nautical System (CRACUNS) project [31] , and their use of COTS hydrophobic coatings. Additionally, since the Aqua-Quad will spend most of its time floating, it needs to be passively selfrighting in case it is flipped in heavy sea states. Work is being done to optimize the distribution of mass and buoyancy, such that with the small correcting moment that the tethered sensor will create as the tether hangs over the propeller guard on an inverted copter, the vehicle will right itself with no energy requirement or outside intervention. Flight clearances are in the works to allow for outdoor autonomous flights off dry land and water. Lastly, efforts are underway to develop suitable underwater sensors and payload components.
VI. ACKNOWLEDGMENTS

